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1 – Executive Summary 
This report provides an overview of Task 7.2.1, which is an automated container shuttle solution 
as part of the PIONEERS project's WP7 - Digital Transformation. The document details the current 
status of the demonstrator's development (as of March 2023), which is an Automated Guided 
Vehicle (AGV) capable of transporting containers in a port environment without a human driver. 

 

Figure 1 Impression of the AGV (Automated Guided Vehicle) 

The primary function of the AGV is to move containers from one location to another within the 
port terminal. However, this task is not without complexity as the route involves navigating a 
constantly changing container stack environment. Additionally, the AGV requires a safety system 
to detect pedestrians in its path, which uses sensors such as Lidar to identify potential hazards. 
Other challenges include driving uphill or downhill, as the AGV is designed for use on level 
surfaces. Furthermore, the terminal where the demonstrator will be tested (Medrepair) currently 
uses manned Volvo trucks on the same routes as the AGV, adding an additional layer of 
complexity. Finally, the current inflationary environment may impact the cost of the components 
and development, creating additional challenges for the project. 

It is important to note that the demonstrator will operate in a mixed-traffic environment within the 
container terminal but not on public roads. Container terminals have their own rules and 
regulations, which are not based on government laws. However, autonomous container transport 
on public roads will be subject to relevant regulations and standards for autonomous driving and 
traffic laws. 
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2 – Project scope 
The purpose of this demonstrator is to showcase the implementation of technology that can be 
used for the automation of container shuttles. Partners Akkodis and VDL are collaborating on 
system design, development, and demonstration. 

The advantages of autonomous container transport, such as increased efficiency and reduced 
costs, make it an attractive option. However, safety considerations must be carefully addressed.  

The project will include: 

• an analysis of safety regulations and standards 
• related to vehicle design, operation and maintenance 
• Controls and sensors to detect and avoid obstacles 
• Navigate complex environments 
• Response to unexpected events or emergencies.. 
• Safety monitoring, testing and evaluation to ensure that the system continuous to operate 

safely and effective over time 
• Business case example for automation of container shuttle 

The project faces limitations in terms of the environment and the availability of technology. VSL 
and Akkodis, the 2 partners involved in this demonstrator have different responsibilities and focus 
areas: 

VDL is using the MTT platform, which includes basic vehicle functions such as steering, braking, 
and acceleration. The MTT platform uses integrated safety to operate vehicle functions and 
combines the safety functions into one system (controller, network drives, etc.). The platform is 
equipped with sensors (lidar technology) that can detect obstacles in the driving path and comply 
with standards. VDL provides the MTT platform software and hardware capable of executing low-
level steering and power requests. 

Akkodis is using their autonomous software stack for navigation in complex environments, such 
as container terminals. The software stack serves as the virtual driver in this scenario, with a focus 
on navigation. It is equipped with a precise GNSS system for localization and lidars for perception. 
Navigation, steering, and acceleration commands will be translated to low-level commands. 
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2.1 – Short Description of the Use case / Demo 

This task involves the design and development of a "Laas demonstrator" to be tested at the Port 
of Antwerp-Bruges. VDL will provide the electric vehicle, while Akkodis will supply the driving 
software, as well as localization and perception hardware..  

The current daily operation involves transporting empty or damaged containers from MPET to 
Medrepair, where they are repaired before being transported back to MPET for further use.  

The aim of the demonstration is to automate this container transportation task between the two 
terminals. Since the infrastructure is private, public road regulations are not relevant. The electric 
vehicle will collect the container from a specified zone, transport it to the designated location, 
and then return for the container drop-off. 

 

Figure 2 Demo plan 

The user will access a web-based Human Machine Interface (HMI) to initiate the demonstration. 
Once initiated, the electric vehicle will travel to the designated starting point for the 
demonstration. 

For the operator, an interface will be available to start and stop the demo, as well as display 
additional information about the current demonstration and the vehicle. 

As per the grant agreement, the demonstration route will be between the two terminals - MPET 
and Medrepair. 
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However, at present, MPET has not yet confirmed in writing their cooperation to grant access to 
their site. Negotiations are ongoing. 

In the event that MPET does not provide access to their site, the demonstration will take place at 
Medrepair, where the same use case will be demonstrated, albeit without passing through the 
gate. 

During the demonstration, various individuals from VDL, Akkodis, Medrepair, and the Port of 
Antwerp (PoAB) will be present. The specific roles of each individual involved were initially 
described in deliverable D3.2. As the project progresses and more alignment takes place, these 
roles are becoming clearer. The involvement of an additional persona from MPET is dependent 
on their confirmation of participation. If confirmed, a persona will be assigned to grant access to 
the site for testing and demonstration. The following personas will be present to perform the 
demonstration: 

 

VDL: 

- AVG Technical Operator: This person is responsible for the execution of the demo. This 
person is authorized to control the AGV. 

- AVG Software Operator is responsible for the software settings in the AGV. The SW 
operator makes sure that the necessary detail settings are correct and can adjust them if 
necessary, depending on the situation. He is also responsible for the execution of the SW 
in the vehicle. . 

- AVG Site manager: This person is the first contact for all AVG matters during the Demo 
activity. The Site Manager provides an internal interface to the AVG Technical and AGV 
SW operators, as well as one to the external communications offices. He ensures the 
correct procedures of AVG.  

 

Akkodis: 

- AD SW Operator: This person is responsible for the execution of the AD Software in the 
Vehicle during the demo. The SW operator makes sure that all necessary detail settings 
are correct and can adjust them if necessary for the situation.  

- Project manager or Site manager: This person is the first contact and responsible for the 
autonomous driving stack. He acts as a communication interface to other stakeholders of 
the Demo. 
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Medrepair: 

- Project manager: This person is responsible for the alignment between the daily operation 
of the site and the Demo. The project manager of Medrepair is the first contact person for 
Akkodis, VDL, MPET and possible Pioneers visitors 

- Container handler driver: This person is the operator of the container handler and is 
responsible for loading and unloading of the AGV. This driver has a button in his truck to 
confirm if the load is loaded or unloaded and the AGV is allowed to start driving. 

- Maintenance supervisor: This person is responsible for the equipment on the site. During 
the demo period this person will provide a workshop for the AGV and possible other 
material needs.  

 

MPET: 

- Operations manager for Access to the Terminal: This person is responsible for the 
alignment between the daily operation of the site and the demonstration as well as 
granting access to the terminal MPET. He acts as a communication interface with other 
stakeholders of the Demo. 

 

From the PoAB  

- Project manager: This person is responsible for supervising and approving the 
demonstration. 
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3 – Design Report  
D7.2: Design report on the autonomous container shuttle solution [18] 

This report will detail the description of the solution (incl. designs, sub-systems and components 
specifications, list of software tools, etc.). 

3.1 – Route Analysis 

Route analysis is a crucial aspect of autonomous container transport, as it helps to optimize the 
transportation process by finding the most efficient and safe routes for container delivery. 

By analyzing the route, the autonomous system can take into account various factors such as 
traffic patterns, road conditions, and potential hazards that may affect the transportation of 
containers. This information can be used to determine the best route that minimizes travel time, 
reduces energy consumption, and ensures the safe delivery of containers. 

Moreover, route analysis can help to identify potential bottlenecks or areas of interest along the 
route, allowing the system to adjust the route as needed to avoid delays and ensure timely 
delivery. Thus, route analysis plays a critical role in optimizing the performance and safety of 
autonomous container transport. 

To perform route analysis, the project team visited the demo location at Medrepair multiple times, 
with the first visit taking place in April 2022. During this technical visit, AKKA and VDL learned 
about the demo site and the operations at Medrepair, while gaining insights into the challenges 
faced during operations and the possible technical challenges related to the demo. 

 

Figure 3 Visit of Medrepair 

Before implementing an AGV, a thorough route analysis is conducted to critically examine the 
use case and research the route the AGV should travel. The route is mapped and verified to 
ensure that there is enough clearance for the AGV throughout the entire route. Since there is no 
2D drawing available for the entire route, a decision was made to perform a scan, which can be 
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translated into a 2D map that can be used to check whether the AGV can drive the complete 
route. 

 

Figure 4 prepared vehicle for route analysis 

3.1.1 – Environment scenario analysis 
An analysis of the use case ‘autonomous container shuttle’ resulted in the following scenarios 
and related risks. The risks should be eliminated or minimalized by taking appropriate measures. 

 

Scenario 1: repair and parking 

 
 

Location Workshop 
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Scenario 2: Charging of vehicle 

 
 

Location Charging station 
 

Scenario 3: U-turn 
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Scenario 4: Driving in  

 
 

 
 

Scenario 5: Operation of Reach stacker 

 
 

 
 

Scenario 6: Parking road train for 
(un)loading  

 

Location of (un)loading 
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Scenario 7: Obstacle avoidance without 
prior action 

 
 

Crossing traffic e.g. reach stacker 
 

Scenario 8: Vehicle invading lane on bend 

 
 

Road train with container used road in both 
directions. 
 

Scenario 9: Parking 

 
 

Parking trailers closed to the road 
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Scenario 10: Hill 

 
 

Risk of sensors positions 
 

Scenario 11: Entry Medrepair and enter 
Mpet 

 
 

Automated gate to Mpet 
 

Scenario 12: Turning at a T-junction 

 
 

Risk of traffic 
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Scenario 13: Crossing with oncoming traffic 

 
 

Risk of oncoming traffic 
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3.1.2 – Route between two Terminals 
The route is a non-public road and has limited access. The length of the route is about 2.5 km 
with some challenges, e.g. slopes and traffic rules. The vehicle will start at Medrepair and load a 
container which will be transported to Mpet. 

A. Medrepair 
B. Mpet 

 

Figure 5 demo route PoAB 

  

A 

B 
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3.1.3 – Vehicle clearance and potential risks 
To begin the project, data must be collected for the route analysis. This will involve collecting 
various types of measurements and data, such as point clouds, road inspections, and traffic 
patterns, to identify and mitigate potential risks. Due to limited access and the use of non-public 
roads, the project scenario has been significantly reduced, with a fixed route already established. 
Therefore, a bottom-up approach that starts with simplified automation can help to understand 
complex situations and the limits of automation.  

 

Figure 6 Analyse clearance of vehicle 

One important aspect to consider is the clearance of the vehicle. To ensure safety, it is necessary 
to check the minimum space around the vehicle and visualize it in a simulation. By simulating the 
vehicle and generating predictions of its clearance, a new DXF layer can be created to show the 
minimum space required to keep a safe distance from obstacles and humans. This is crucial for 
maintaining safety during the transportation process. 

3.2 – Short description specific situations of Medrepair / Mpet 

As described in the use case, the AGV will drive between 2 terminals. These terminals are 
connected by a road and the owners of both Medrepair and Mpet are willing to give access for 
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the purpose of this test. The current situation of transportation with regular trucks is shown below. 
A maximum of 10 containers can be transported at one time with a maximum speed of 25 km/h. 

 

Figure 7 Loading containers for transporting 

An access gate between the two terminals is designed to prevent unauthorized entry and exit. 
The gate is equipped with RFID tags to check and validate the trucks passing through it. Upon 
passing, a scanner registers the container numbers and stores them for administration 
purposes. The autonomous guided vehicle (AGV) will also need to go through this gate, which is 
equipped with a vehicle detection system that automatically opens the gate upon detecting a 
vehicle in front of it.  

 

Figure 8 Gate MPET 



 

D7.2 Design Report on the Autonomous Container Shuttle Solution   24 

The road connecting MPET and Medrepair also features a flyover where there is a significant 
difference in height, requiring the AGV to navigate a considerable slope. Furthermore, there are 
other challenges on the route, such as slopes, the gate, and reach stackers that may become 
unstable during emergency braking. These factors need to be continuously updated in the map 
to ensure the safe and efficient operation of the AGV. 

3.5 – System Description 

In this project, the methodology of systems engineering (SysML) is being used to create a model 
for autonomous container transport. This model facilitates traceability of use cases and 
requirements, and helps to break down complex problems into smaller solutions. It is important 
to consider different points of view when creating a model for an autonomous container transport 
system, including the following aspects: 

- Requirements 
- Logical 
- functional 
- Behaviour 

The system context of an autonomous container transport system in a port terminal refers to the 
various factors and elements that interact with the transport system to enable it to operate 
efficiently and safely within the terminal environment. 

 

Figure 9 Domain of container transport 
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Some of the key components that make up the system context for an autonomous container 
transport system in a port terminal may include:: 

Table 1 System context 

Systems Text 
User The system context also includes the user who is doing the logistics 
Maintenance and 
support 

The system context of maintenance and support in autonomous 
container transport refers to the various factors and elements that 
interact with the maintenance and support systems to ensure the safe 
and efficient operation of the autonomous container transport 
system. 

Terminal infrastructure This includes the layout and design of the port terminal, including the 
placement of cargo storage areas, loading and unloading facilities, 
and other essential infrastructure. 

Port operations The transport system must be integrated into the broader port 
operations, such as coordinating with other vehicles and equipment 
within the terminal, ensuring that cargo is being loaded and unloaded 
efficiently, and adhering to safety protocols. 

Communication 
networks 

Autonomous container transport systems rely on communication 
networks to share data and enable coordination between different 
vehicles and equipment. 

Regulations and safety 
standards 

The system context also includes the various regulations and safety 
standards that must be followed to ensure the safe operation of the 
transport system. This may include requirements for vehicle design, 
speed limits, and other safety features. 

Environmental factors The system context also takes into account various environmental 
factors, such as weather conditions and terrain, that may impact the 
operation of the transport system. 

 

3.5.1 – Automated transport part of LaaS model 
Automated transport is a critical component of Logistics as a Service (LaaS) as it offers efficient 
and dependable transportation of goods. With driverless trucks and other automated transport 
systems, logistics providers can operate around the clock, reducing delivery times and improving 
the speed and accuracy of deliveries. Furthermore, automation can help reduce labour costs and 
improve operational efficiency by eliminating human intervention and reducing the risk of human 
error.  

Implementing automated container handling can bring significant benefits to LaaS, including: 

• increased efficiency 
• reduced labour costs  
• improved supply chain visibility 
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Automation can improve efficiency by eliminating human factors, such as manual verification and 
waiting time, and enabling continuous operation. It also increases safety and reduces the risk of 
accidents caused by human error. By automating container handling processes, logistics 
providers can offer faster and more reliable services, improving customer satisfaction. 

Automated transport can also improve supply chain visibility by providing real-time tracking and 
monitoring of goods. This can help reduce inventory levels, improve order accuracy, and enable 
better planning and scheduling of logistics operations. For successful implementation of 
automation in ports, Logistics as a Service can be structured into relevant and important parts. It 
is essential to decompose the system to identify bottlenecks and interactions between systems. 
Integration will play a crucial role in the future, so development based on standards and 
guidelines is mandatory. An integrated system of equipment, software, and support services is 
necessary to ensure the safe and efficient operation of automated transport of ISO containers. 

 

Figure 10 Break-down of LaaS model 
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A break-down of the model is important to identify the bottlenecks and interactions between 
systems. Integration will play an important role in the future, so development based on standards 
and guidelines is mandatory. 

Table 2 Components of Laas model 

Logistics-as-a-service Is a model where third-party providers on a pay-per-use basis 
provide logistics services, such as warehousing, transportation, and 
fulfilment? 

Data Automated container handling systems generate large amounts of 
data that can be analysed to improve operations. This can include 
real-time monitoring and analysis of system performance, as well 
as predictive analytics to optimize system performance and 
prevent downtime. 

Sensors and 
communication 
system 

Automated transport of ISO containers requires the use of sensors 
and communication systems to ensure that the containers are 
properly tracked and monitored. These can include GPS, RFID, and 
other similar technologies. 

Warehousing Automated container handling systems can be used to store and 
retrieve containers in a warehouse or port e.g. stack. 

Automated Container 
Handling Equipment 

Automated container handling systems can be used to transport 
containers between different locations, such as between 
warehouses or between a warehouse and a port. 

Fulfilment Automated container handling systems can be used to fulfil orders, 
such as by picking and packing containers for shipment. This can 
include robotic picking systems, automated sorting systems, and 
automated packing systems for un- loading the containers 

Container Terminal 
Operating system 

A TOS is a software system that manages the entire container 
terminal operation, including automated transport of ISO 
containers. It provides real-time data on container movements, 
inventory, and scheduling. 

Safety systems Automated transport of ISO containers can be dangerous, so safety 
systems are essential to ensure the safety of workers and 
equipment. These can include collision avoidance systems, 
emergency stop buttons, and other similar features. 

Maintenance and 
support systems 

Automated container handling systems require regular 
maintenance and support to ensure reliable operation. This can 
include automated maintenance systems, such as predictive 
maintenance based on sensor data, or maintenance robots that 
can perform routine maintenance tasks. And this can include 
software updates, equipment maintenance, and technical support. 

 



 

D7.2 Design Report on the Autonomous Container Shuttle Solution   28 

Interaction between equipment will be play a role in efficiency and reliable service. The 
infrastructure and environment is required for smooth integration of automated transport, 
standardization can help. 

3.5.2 – AGV Design 
This section will detail the description of the solution (incl. designs, sub-systems and components 
specifications, lit of software tools, etc.). 

The  demonstration of automated driving the systems related to the use case can be described 
in subsystems related to the use case and requirements. In this section the subsystem for 
transport of containers will be described. 

Automated transport of ISO containers requires several important items to ensure safe and 
efficient transportation. 

3.5.3 – Use Case and traceability 
In complex systems with interfaces and connections, the architecture plays a crucial role in 
creating a system that is stable, robust, easy to maintain, and scalable. This is especially 
important in automation where the steps towards full automation can help make informed 
decisions and define the necessary requirements for successful implementation. 

 

Figure 11 Use case Pioneers demonstrator 

req [package] User [User Requirements Traceability]

UC - demo of

automated transport

Name: User Requirements Traceability

Author: avdheuvel

Version: 1.0

Created: 1-3-2023 12:27:03

Updated: 1-3-2023 16:02:30

This diagram shows the expressive 

power of putting disparate 

elements onto a diagram to show 

the tracebility between different 

layers of a system. The tracebility 

can be from the Requirements to 

the Use Cases that realize them to 

the logical Components that will 

kdeliver the required functionality 

and more.

Vehicle

«block»

«requirement»

Automated driving
«satisfy»

«trace»



 

D7.2 Design Report on the Autonomous Container Shuttle Solution   29 

3.5.4 – Chassis specifications 
Table 3 Chassis specifications 

Measure Unit Value Rational 
GVW [kg] 55.000  

Payload (ISO 668, ISO 
maximum gross mass) 

[kg] 36000  

Type of load [-] Intermodal 
container 
(shipping 
container, freight 
container) 

 

Width [mm] 2.550  
Length [mm] 14.500  
height [mm] 4.000  

Chassis type [-] U-beams  
Machine colour [-] Grey/Yellow  

Corrosion protection [-] C3 Urban and industrial 
atmospheres, 
moderate pollution or 
low salinity (ISO 12944-2) 

Front axle suspension [-] rubber, walking 
beam 

No active suspension required 

Rear axle suspension [-] rubber, walking 
beam 

 

Compliance [-] CE(2006/42/EG)  
Axles [-] 4x1  

 

3.4.5 – Driveline specifications 
Table 4 Driveline specifications 

Measure Unit Value Rational 
Maximum speed forward [km/h] 6 Safe speed 

Maximum speed backward [km/h] 1 Limited by safety 
requirements 

Maximum acceleration [m/s2] 0.5 Fixed acceleration 
Maximum deceleration [m/s2] 2.25 Fixed deceleration 

Maximum slope [%] 10 Based on environmental 
conditions 

Driveline [-] Full electric, liquid 
cooled 
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3.5.6 – Battery specifications 
Table 5 Battery specifications 

Measure Unit Value Rational 
System Operating Voltage 

Range 
[V] 470 - 680  

System Nominal Voltage [V] 600  
System Nominal Capacity [Ah] 240  

System Energy capacity [kWh] 144  
Battery charging [-] CCS plug (HPC)  

3.5.7 – Safety and autonomous transport 
Ensuring the safety of complex systems or equipment is of utmost importance, particularly in 
cases where there is human interaction involved. To achieve this, various safety measures can be 
implemented, including: 

• Physical safety measures that involve designing and building equipment or systems that 
minimize the risk of physical harm to people, property, or the environment. For instance, a 
vehicle that has stopped on the road can pose a danger to oncoming traffic. 

• Cybersecurity is another essential aspect of overall safety, and protecting against cyber 
threats is critical to prevent unauthorized access or manipulation of equipment or systems. 
This risk increases as equipment and systems become more connected to networks. 

• Environmental safety measures aim to prevent equipment or systems from posing 
environmental risks if they fail or malfunction. Examples include leaks or chemical hazards 
from batteries. 

• Human factors can be minimized by designing systems and equipment in a way that takes 
into account the human operators who will use them. This can help prevent accidents 
caused by operator error or confusion. Providing clear instructions and training can also 
help operators use equipment safely. 

• Regular maintenance and inspection are crucial for ensuring the ongoing safety of 
systems and equipment. These activities can help identify potential problems before they 
become serious safety hazards. 

To ensure safety functions on the platform, Akkodis and VDL need to implement specific 
hardware and software designs. Functional safety requirements should consider potential risks, 
such as: 

• Undetected people 
• overspeed detection 
• Unintended motion 
• Incorrect safety measure is selected 
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• Instability of vehicle 
• Electrical risk / shock 
• Unintended fall of a load 
• Out of control / hazard situation 

Functional safety is required to minimize the risk of collisions with people, and this involves 
conducting risk analysis and defining safety requirements based on international standards and 
norms such as ISO 3691 part 4 for driverless industrial trucks and their systems. 

The safety-related parts of the control system should comply with ISO 3691-4, and a complete 
list of safety-related functions and requirements should be developed.. This list can be found 
below: 

Table 6 ISO-3691-4_2020 Table 1 (incomplete) 

SRCF Description of the safety function (or a part of a safety 
function) 

Minimum 
required 
PL 
according 
to ISO 
13849-1  

Braking system Braking system control d 
 Parking braking system control b 
Speed control Overspeed detection system (speed > truck rated speed) c 
 Speed monitoring in case of speed < 0.3 m/s c 
 Adaption of the sizes of the safe detection fields of an ESPE 

for linear movements. (e.g. forward direction, backward 
direction, lateral) 

d 

 Adaptions of the sizes of the safe detection fields of an ESPE 
in turning and pivoting. No speed limitation in the related 
direction of travel 

d 

 Adaption of the sizes of the safe detection fields of an ESPE. 
For additional side fields in the turning and pivoting when 
truck speed is limited at 0.7 m/s in the related direction of 
travel. 

c 

Automatic 
battery charging 

Deactivation of charging connections b 

Load handling Checking if the load is in the intended position  
 Link with stability  
steering Link with stability  
stability Avoiding instability caused by speed, steering and load 

handling 
c 

Emergency stop 
function 

Stop hazardous movements and functions d 
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Personnel 
detection system 

Stop the truck following the detection of a person in the 
direction(s) of travel 

d 

 Stop the truck following a person detection with inadequate 
clearance 

d 

 Override of the personnel detection means in manual mode 
or maintenance mode 

c 

 Muting of the personnel detection means d 
 Stop of the truck from the load end d 
 Conditional selection of personnel detection means 

protected zones 
d 

 Conditional selection of personnel detection means 
protected zones for additional side fields in the turning and 
pivoting when truck speed is limited at 0.7 m/s in the related 
directions of travel 

c 

Automatic, 
manual and 
maintenance 
modes 

“Hold to run” function (except the automatic mode) c 

Warning systems Optical, acoustical signals / systems  a 
Ensuring safety in all-weather conditions is a challenging task, and developing additional 
functions to detect weather conditions can help reduce false positives. 

 

Figure 12 sensors for Personnel detection system 

3.5.8 – Charging of vehicle 
During the testing phase, the vehicle is charged using a mobile charger. However, in fully 
automated operation, charging should be integrated into the automation process. This includes 
functions such as opening and closing covers, starting and stopping charging, and monitoring the 
charging process. Efficient charging is crucial in minimizing downtime, which can negatively 
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impact operations. Fast charging or opportunity charging can reduce downtime and increase 
availability. 

Standardization is key for interfaces such as connectors and communication protocols. The 
vehicle is equipped with a COMBO2 connector (CCS2).  

 

Figure 13 COMBO2 connector [VDL AV] 

Communication with charging equipment is standardized, allowing for support from multiple 
charging vendors. 

EVEVSE ISO 15118

 

Figure 14 Standardization of charging communication 

However, as there is a risk of the vehicle driving off during the charging process, the charging 
points must be disconnected before the vehicle can be put into motion. 

3.5.9 – Interface User to vehicle 
The machine can operate in three different modes of operation. 

• manual mode: the AGV the operator can control the basic vehicle functions via remote 
device (Human-Machine-Interface) 

• maintenance mode: the AGV functions have disabled the automatic mode 
• automatic mode: the AGV can drive autonomously by navigation 

Changing the mode and activation is only possible via a lockable key. To monitor the status and 
diagnostics of the vehicle in real-time, it is connected to a real-time data connection. The VDL 
dashboard provides access to data, historical logs, and event logs. This allows for efficient 
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monitoring of the vehicle's performance and enables timely identification and resolution of any 
issues that may arise. 

 

Figure 15 VDL dashboard [VDL AV] 

3.5.10 – Functional decomposition of AGV 
Requirements need to be stratified by blocks. The blocks listed in this table below give an 
overview of the system. 

Table 7 Vehicle functions 

Functions Description 
LV DCS Cabinet with all the low voltage electronics (navigation system, modem, 

controls, etc.) 
HV Cabinet Cabinet with all the power electronics 
Options cabinet Optional Cabinet for e.g. electronics for additional equipment like lifting 

equipment. 
Safety system In mixed traffic should the environment monitored for prediction of risks. 

The vehicle should always stop if objects in safety zone of vehicle. 
Front and rear 
container 
handling 
equipment 

VDL Platform can optional equipped with lifting equipment for lifting 
containers in fully automated operation. No additional handlers required 
e.g. straddle carriers for pick up containers and delivered right in place. The 
lifting system is integrated in body controls and fully electric with high 
accuracy. 

Load handling The container is locked during transport with the corner blocks of the 
container. 
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Distributed IO For connecting of the cabinets an industrial Ethernet connection will be 
used for limitation if cable lengths and locally switching of power 
electronics. 

Energy storage The energy storage is built with the principles of fail-safe and availability. 
Vehicle can drive even one of the strings will be in failure mode. The range 
will be limited but transport can be finished. 

Battery charging VDL platform is equipped with a standardized connector of type HPC (High 
Power Charging). Charging of the battery can up to 500A for opportunity 
charging. 

Dashboard VDL Platform can connect to a customized dashboard. This built in house 
dashboard is give the actual vehicle status and diagnostics. The connection 
is secured with the latest standards.   

Symmetric 
walking beam 

Suspension system with principle of walking beam in rubber suspension. 
Front and rear suspension including the axle will be copied.  

Solid rubber tire For maintenance free operation solid rubber will be used 
H-beam chassis Chassis is built up with focuses on modularity of construction. Standardized 

U-beams will be used in combination of brackets. For anti-corrosion the 
chassis is protected for operation in port environment (<500 m sea) 

Low platform The chassis height of the platform is compatible with infrastructure e.g. 
warehouse docking equipment 

Electric steering The platform is equipped electric steering for better manoeuvring 
performance, noise emission and energy savings 

 

3.5.11 – Localization 
The vehicle's navigation functionality relies on precise localization, which is achieved through the 
use of a Real-Time Kinematics (RTK) Global Navigation Satellite System (GNSS) receiver provided 
by ANavS. The MSRTK receiver, equipped with triple antennas and triple bands, is capable of 
accurately determining the vehicle's location and attitude in 3D space without making 
assumptions on its kinematics or movement. 

To achieve such high precision, the ANavS GNSS system is equipped with an integrated Inertial 
Measurement Unit (IMU) and a reference station that provides correction data for centimeter-
level (RTK) position and orientation estimation. The resulting localization information is used as 
feedback in the Model Predictive Control (MPC) based AD stack. 

The localization data is retrieved via Ethernet in a device-specific binary format, which requires a 
Python implementation of the binary protocol to decode. 

3.5.12 – Model Predictive control 
The navigation/motion controller is responsible for controlling the AGV's engine, brakes, and 
steering to achieve specific behaviors, such as following a particular path, arriving at a desired 
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final position, maintaining a safe distance from obstacles, staying within the vehicle's design 
limits, or achieving a desired velocity.  

To satisfy these objectives, a model predictive control approach is used. This approach physically 
predicts the vehicle's future behavior based on intended actions (accelerating, braking, steering) 
and modifies those actions to achieve optimal behavior. The objectives are implemented as a 
scalar objective function with weight factors representing trade-offs and constraints (path 
following, velocity set point, stop at a desired location) representing non-negotiable objectives 
like collision avoidance and physical design limits. A certain differentiation among the constraints 
exists as well (while collisions are not acceptable at all, maintaining the desired safe minimum 
distance to obstacles is neither an absolute necessity, nor is it strictly possible under all 
circumstances) 

The testing vehicle has to be able to follow a set trajectory. The controller will keep the vehicle 
on the desired path or trajectory. High-level collision avoidance behaviour is tightly integrated 
into the controller, as well. 

Due to certification reasons, VDL also has a short-range collision avoidance system on board. 
Once an obstacle is detected at short distance, the vehicle will be brought to a full stop 
independent of the Akkodis AD stack. 

Prediction Model 

The prediction model utilizes the latest Real-Time Kinematics (RTK) estimate as the initial 
condition to calculate the expected movement of the vehicle within a specific prediction horizon 
of a few seconds. To make this prediction, the model assumes certain control inputs such as 
steering, acceleration, and braking. The vehicle's kinematics are modeled using the single-track 
model, and its dynamics are based on mass point dynamics. The equation of motion is solved 
using a special quadrature method with a fixed discretization of 10 points spanning the prediction 
horizon. This approach ensures accurate predictions of the vehicle's behavior, enabling timely 
and reliable decision-making.  

Objective Function 

The objective function aims to minimize the prediction error by calculating a weighted average 
of the temporal mean of squared residuals for position, heading, and velocity over the prediction 
horizon. These residuals are computed at the discrete points of the trajectory prediction, using a 
spline representation to evaluate the reference path or trajectory at arbitrary instants of time. The 
weights are chosen to balance the importance of each component of the prediction error. By 
minimizing the objective function, the prediction model can improve the accuracy of its 
predictions, leading to safer and more efficient vehicle control. 
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Constraints 

To ensure collision avoidance, the optimal control problem is constrained by imposing specific 
conditions. These constraints are typically in the form of a signed distance (d) that must be less 
than zero between the vehicle and any obstacle at a given time, position, and attitude. The signed 
distance is calculated using the method previously described, which takes into account the 
vehicle's geometry. To account for physical design limits such as steering and acceleration, 
various constraints are implemented in the optimization problem. 

Nonlinear Solver 

The control problem is solved through a constrained non-linear optimization process utilizing the 
previously described components. The problem is typically solved using Nonlinear Programming 
methods, specifically the method of Lagrange multiplier. To generate control inputs, a spectral 
method is employed where the control input is a linear combination of basic functions. To ensure 
that the problem is feasible in every iteration, no-collision constraints are relaxed with slack 
variables and L1/L2 penalties. The nonlinear optimization problem is replaced with a sequence 
of quadratic problems, which are then solved iteratively using the Sequential Quadratic 
Programming method. 

Analytically calculated Jacobian and Hessian matrices are used to compute the derivatives 
required by the evaluation function and the constraints. The accuracy of these derivatives is 
verified through numerical approximations using difference quotients. The use of exact 
derivatives leads to superior convergence properties. 

To achieve low and predictable latencies, the method has been adapted to this application. The 
most significant adaptation involves updating the solver algorithm iterations based on the latest 
sensor data for the weighting function and the constraints. As a result, the nonlinear optimization 
problem changes in each iteration. The computation of Lagrange multipliers and the scaling of 
the penalty terms are also adjusted to ensure optimal performance. 

Timing considerations 

Ensuring reliable and safe operation requires minimizing computational latency, even if hard real-
time performance is not strictly required. Compared to traditional control approaches, model-
predictive control is computationally expensive, which is why we implement the algorithms on a 
powerful X86_64 PC used as an edge computing platform. The octo-core CPU allows us to 
dedicate individual CPU cores to critical tasks, minimizing the amount of concurrency and 
number of context switches. Furthermore, the MPC algorithm is designed to be bounded in the 
number of instructions required, ensuring predictable execution times. Importantly, all iterations 
strictly terminate after a fixed number of loops. This software/hardware architecture achieves 
"soft real-time" operation, which is adequate for our purposes. 
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On our hardware and with the specific configuration chosen, the MPC controller takes 
approximately 20ms for one update cycle. We further optimize the performance by off-loading 
the computationally expensive LIDAR pointcloud processing onto the GPU, which achieves less 
than 20ms total latency (including host/GPU transfers) to process one pointcloud frame, 
equivalent to a 100ms sampling interval. 

Description: Model Predictive Controller Architecture 

 

Figure 16 Vehicle Controller Architecture 

 

Figure 17 Point cloud with segmentation 
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3.5.13 – Communication with different manufactures in a system 
In this demonstrator, the navigation system is integrated with the existing vehicle network 
through a network switch to enable secure and shared network functionalities. To facilitate 
communication between the PLC and PC, the OPC UA protocol is utilized. The OPC UA protocol 
provides several advantages such as:  

- enabling organizations and system integrators to create their own standards for an OPC 
UA information model,  

- allowing the server to be created by standardized functions of the information model,  
- and requiring the client only to know the defined standard without detailed information 

about their system and devices.  

More information about OPC UA protocol can be found at https://opcfoundation.org/. 

Vehicle 
network (VDL)

External 
Navigation 

(AKKA)
OPC UA

 

Figure 18 Communication PLC's 

 

The integration between controllers with OPC UA protocol requires several steps to ensure 
successful implementation. The first step is to determine the scope and purpose of the OPC UA 
integration to define what data needs to be collected and what systems need to be integrated. 
Next, an OPC UA server that is compatible with the industrial truck's hardware and software 
should be selected. The server should be able to communicate with the truck's sensors, 
actuators, and controllers. Once the server is selected, an OPC UA client software needs to be 
implemented on the industrial truck. The client software will communicate with the OPC UA 
server and collect data from the various sensors and controllers on the truck. 

The next step is to design the data model that will be used to represent the data collected by the 
OPC UA client. The data model should be designed to meet the requirements of the OPC UA 
server and should include all the necessary data points. After designing the data model, the 
integration should be tested thoroughly to ensure that the OPC UA server is receiving the data 
correctly and that the data is being represented in the correct format. Finally, it is important to 
monitor the OPC UA integration regularly and perform maintenance as necessary to ensure that 
the integration continues to work correctly over time. 

 

https://opcfoundation.org/
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3.5.14 – System communications 
The image below provides an overview of the communication lines that will be implemented in 
the system. 

Line A represents the communication between the Akkodis system and the VDL system 
integrated in the electric platform. This communication channel utilizes Ethernet and the OPC UA 
standard to exchange signals and data. Its purpose is to send instructions from the autonomous 
driving software to the drive-by-wire system. The navigation software controls longitudinal 
movement via a velocity set-point and lateral movement via a curvature set-point. The vehicle is 
responsible for carrying out the steps to realize these set-points in an open-loop fashion. Loop 
closure is achieved via GNSS feedback to the navigation controller. 

Line B is the connector to the operator for release and starting the demo 

Line C depends on cooperation with MPET. In the current use case of the terminals, this is done 
automatically, but it could be a manual operation for the demonstration.  

Line D enables wireless communication, allowing instructions to be given in a web-based user 
HMI, such as starting the demonstration and displaying useful information from the vehicle.  

It's important to note that the SW Stack performance is heavily reliant on the merging of the Lidar 
point cloud with the GNSS system for positioning. This ensures accurate vehicle positioning and 
enables efficient navigation. 
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Figure 19 Communication lines 

3.5.15 – Lidar based perception 
The LIDAR devices, provided by the company Ouster, will be mounted on the AGV during testing. 
Currently, for testing purposes, one of the LIDARs is mounted on a vehicle from Akkodis, and 
communication is facilitated using the Python API provided by Ouster. One of the OS-1 LIDARs 
(128 layers) will be mounted at the front of the vehicle, while two OS-1 LIDARs (32 layers each) 
will be mounted at the rear left and rear right, respectively. All sensors will be mounted at a 
maximum height of 1 meter above the ground. Tilting the sensors by approximately 10 degrees 
with respect to the horizontal plane will reduce the blind area to less than 2 meters. 

The collected LIDAR data will be used to calculate an environment model, which will be the main 
input for the autonomous driving system. The algorithm used for this task will involve three main 
components: ground segmentation, a binning algorithm, and the Euclidean distance transform. 
These steps will enable the system to create a detailed and accurate model of the AGV's 
surroundings, which will be crucial for ensuring safe and reliable autonomous driving. 

. 

Navigation stack

Line D

Line A

Line C

Line C



 

D7.2 Design Report on the Autonomous Container Shuttle Solution   42 

 

 

Figure 20 Ouster OS-1 LIDAR 

Ground Segmentation 

Ground segmentation is a key step in processing LIDAR point cloud data. 

Ground segmentation is the process of separating ground points from non-ground points in a 
LIDAR point cloud. The first step is to transform the point cloud into an earth-fixed coordinate 
system. Then, a recursive filter is applied to fit a road surface elevation model, which is 
represented by a bivariate polynomial. 

To estimate the elevation model, a data fitting problem is solved by including only points within 
a certain interval of tolerance, using the previously estimated ground elevation as a baseline. 
Iteratively reweighted least-squares regression is used to minimize the absolute error. This 
approach can accurately estimate the ground elevation, typically within a few centimetres, even 
for smooth road surfaces. 

Once the elevation model is obtained, the point cloud is segmented by thresholding pointwise 
elevation above ground. This results in two separate point clouds: ground points and non-ground 
points. The ground points are used to create a digital elevation model of the terrain, which is 
essential for navigation and obstacle avoidance. The non-ground points contain information 
about objects and structures, such as buildings, trees, and vehicles. 
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Occupancy Map 

Occupancy mapping is a technique used in robotics to represent the environment in a discrete, 
probabilistic manner. In this method, a regular grid is overlaid on the environment, and each grid 
cell is assigned a probability value that represents the likelihood of that cell being occupied by 
an obstacle or not. 

To calculate the occupancy map, local statistical characteristics of the ground and obstacle 
points are computed on a planar regular grid (x, y). These characteristics could include features 
such as the density of points, the variance of the point heights, or the distance to the nearest 
obstacle. Using these characteristic values and state transition logic, the occupancy probability 
of each cell in the grid is updated. 

The state transition logic is used to propagate the probabilities of each cell over time, as the robot 
moves through the environment and acquires new sensor measurements. This allows the 
occupancy map to adapt to changes in the environment, such as the appearance of new 
obstacles or the removal of existing ones. 

It's worth noting that this approach does not explicitly distinguish between static and moving 
obstacles, as the probabilities are only based on the local statistical characteristics of the points. 
However, the approach can handle both static and moving obstacles, as changes in the 
environment will cause the occupancy probabilities to be updated accordingly. 

Distance Transform 

The distance transform is a mathematical operation that takes an occupancy map as input and 
outputs a scalar field of signed distances. This distance field represents the same information as 
the occupancy map, but in a form that is more suitable for certain types of analysis and planning. 
Specifically, the distance field is a continuously differentiable function that can be used as a cost 
function for various optimization algorithms, such as gradient descent or convex optimization. 

The distance transform is calculated by computing the distance from each point in the occupancy 
map to the nearest occupied cell. If a cell is occupied, its distance value is set to zero. If a cell is 
unoccupied, its distance value is set to the distance to the nearest occupied cell. The sign of the 
distance value is determined by whether the cell is occupied or unoccupied. 

The resulting distance field can be used to plan safe and efficient paths for autonomous vehicles, 
by finding the path with the lowest cost according to the distance function. The distance 
transform is also useful for obstacle avoidance and collision detection, as it allows the vehicle to 
sense the distance to nearby obstacles and adjust its trajectory accordingly. 
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Figure 21 Components of the Pointcloud Segmentation and Processing Algorithm 

 

Figure 22 Signed Distance Field, example based on synthetic data 

3.6 – Identified bottlenecks 

There are a few potential bottlenecks that need to be considered for the demonstration of the 
AGV. Firstly, the ISO 3691-4 standard specifies additional safety measures that need to be in place 
to ensure a safe environment for the operation of the AGV. However, for the purpose of the demo, 
it is not possible to comply with all these measures. For example, the entire route must be marked 
with coloured lines, and the area must be private property completely enclosed with fences to 
ensure the safety of everyone inside the fence. 
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Furthermore, the AGV needs to drive over a steep slope that slopes in multiple directions. This 
poses a significant torsional force on the AGV, which increases the risk of losing traction on one 
of the wheels. This is a crucial concern for an autonomous vehicle as it needs to position itself 
correctly and remain on the ground with all wheels to ensure that the safety scanners are at the 
correct height. Due to these challenges, the AGV originally conceived for this project cannot be 
used in this configuration, and a technical solution will have to be designed. 

Other bottlenecks to consider are: 

• The trucks used for transporting (Volvo road train). They take corners in such a way that 
minimal clearance is available for the AGV. 

• Because the port is not wide enough, the scanners may have to be temporarily switched 
off here. 

• Finally, the capacity of container flow also needs to be taken into account, as it may limit 
the number of AGVs that can be deployed at a given time.  

3.7 – Potential Bottlenecks in future commercial projects 

The current container flow between MedRepair and MPET is a critical consideration for the 
implementation of the AGV in the demo. The existing transport system relies on Volvo trucks 
with trailers that can carry 8 40ft containers per transport at a speed of around 20km/h. In 
contrast, the AGV proposed for the demo can only carry 1 40ft container at a max speed of 
approximately 6km/h. 

Unfortunately, the current technology does not allow an AGV to pull multiple trailers, making it 
difficult to match the capacity of the Volvo trucks. While using multiple AGVs is a potential 
solution, it may not be feasible in this particular use case. This is because all the AGVs would 
need to travel on the same road, where they may not be able to pass each other in certain 
areas. 

Therefore, it is essential to carefully consider the impact of using the AGV in the current 
container flow and to identify any potential bottlenecks that may arise. One possibility could be 
to use the AGV for specific tasks or routes that do not require the full capacity of the Volvo 
trucks, while still maintaining the overall efficiency of the container flow. 
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4 – Results 
AKKA has developed a highly advanced Model Predictive Navigation/Motion controller with 
built-in collision avoidance functionality. The controller is based on a pointcloud processing 
pipeline that includes ground segmentation, occupancy mapping, and distance transform 
implementation, enabling the system to obtain an accurate environmental geometry 
representation suitable for collision avoidance in the Model Predictive Control framework. ANavS 
MSRTK GNSS system and three Ouster LIDARs are integrated into the system to provide accurate 
sensor data. AKKA has also developed a user-friendly graphical user interface to monitor all the 
algorithm blocks in real-time. 

Extensive validation of the predictive controller and related components was done in a simulation 
environment during the project period, ensuring a high degree of reliability and accuracy in real-
world scenarios. VDL played a crucial role in the project by analyzing the route based on the 
available use case requirements and developing the design of the AGV. VDL also carried out the 
construction of the AGV and performed FEM analyses to ensure structural integrity and durability. 

The communication and interfaces of the system are built using the OPC UA protocol, ensuring 
seamless communication between different components of the system. The next step is to create 
a data model for the communication of navigation and MTT platform. The interaction with the 
operator is facilitated through the standard VDL dashboard, which requires a network connection. 
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5 – Conclusions and recommendations 
The development of the Automated Ground Vehicle for the demonstration of an autonomous 
container shuttle solution has been successfully completed. The main algorithms required for the 
operation of the vehicle have been implemented and tested in simulation. However, due to the 
lack of an accurate map of the terminal, the environmental perception of the vehicle may be 
impacted. Additionally, the risks associated with objects and dirt in the closed environment must 
be taken into account during the demonstration. 

Moving forward, we recommend further development of an accurate, high-fidelity map of the 
terminal to improve the vehicle's environmental perception. Additionally, measures should be 
taken to minimize the impact of potential risks during the demonstration. Finally, ongoing testing 
and validation of the vehicle and algorithms are necessary to ensure safe and reliable operation. 
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6 – Publications 
https://register.epo.org/application?number=EP22178829 

https://pioneers-ports.eu/portfolio-item/pioneers-technical-visit-at-medrepair/ 
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7 – References 
Reference Rational 
ISO 3691-4:2018: This standard specifies safety requirements and testing 

methods for industrial trucks, including automated 
trucks, in non-public areas. 

ISO 10218-1:2011: This standard provides safety requirements for industrial 
robots and robotic systems, including those that are 
autonomous. 

ANSI/ITSDF B56.5-2019: This standard provides safety requirements for 
automated guided vehicles (AGVs) used in an industrial 
environment. 

IEC 61508: This standard provides general requirements for the 
safety of electronic systems, including those used in 
autonomous transport. 

ISO 26262: This standard provides safety requirements for the 
development of electrical and electronic systems in 
automobiles, including autonomous vehicles. 

AS/NZS 4024.3611:2015: This standard provides safety requirements for the 
design and construction of autonomous mobile robots 
and their integration into industrial systems. 

ASTM F45 Committee: This committee develops standards for autonomous 
vehicle technologies and systems, including those used 
in industrial applications. 

ISO 20524-2:2020(en) 
Intelligent transport systems 

Part 2: Map data used in automated driving systems, 
Cooperative ITS, and multi-modal transport 

ISO 15118 Road vehicles -- Vehicle to grid communication interface 
Table 8 References 

 

 

 

 

 


